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Abstract 
The smolt stage of salmon has challenges in reaching adequate growth rates due to the changing 
environmental conditions at sea. Therefore, it is necessary to provide adequate diets to achieve sufficient 
growth. This study determined the impacts of glutamate and succinate (1% each) supplemented diet on the 
growth of Atlantic salmon smolts along with characterization of mitochondrial respiration using high-
resolution respirometry technique. Results indicated that there was no significant difference in growth 
response between the treatment and control groups. Maximum oxidative phosphorylation (OXPHOS) was 
reached after addition of succinate. Analysis of heart homogenates revealed a significant difference in LEAK 
respiration state (P = 0.005). No significant difference was recorded between the diet groups for liver 
homogenates. Differences between heart and liver respiration revealed that mitochondrial activity is organ 
dependent. 
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1 | INTRODUCTION 
Aquaculture is the fastest growing food producing sector 
in the world (FAO 2018).  As the intensification of aqua-
culture production occurs, the need for increased produc-
tion efficiency is important (Cheng et al. 2011). Studies 
focusing on nutrition, in order to obtain better production 
efficiency, have caught more attention in the recent past 
(Trichet 2010). 
In Norway, the aquaculture has been a success story so 
far. From the construction of the first sea cage in 1970s 
(FAO 2005) to the commercial aquaculture production, 
the country has shown steady development throughout 
its history. Today, Norway dominates the global farmed 
salmon production (FAO 2018). The seawater phase of 
Atlantic salmon (Salmo salar) is considered to be the most 
value-adding phase during grow-out production (Oehme 
et al. 2010). The challenge in successful farming of salmon 
during the seawater phase has been realised. The influ-
ence of external environmental conditions has dramatic 
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changes in the physiology and metabolism of the cultured 
fish species. Effects on growth rate, feed utilization and 
product quality have been studied in the past (Thorpe et 
al. 1989). The seawater phase has been shown to charac-
terize reduced feed intake and decreased body energy 
level (Alne et al. 2011). 
The above-mentioned challenges during grow-out pro-
duction of Atlantic salmon can be overcome by provision 
of adequate dietary supplements (Burrells et al. 2001, 
Rørvik et al. 2007, Alne et al. 2009). Research on nutri-
tional requirements has shown that dietary protein, espe-
cially amino acids can play significant role in immunity of 
fishes (Cheng et al. 2011). There are evidences of amino 
acids acting as metabolic regulators (Meijer 2003, Li et al. 
2009). 
Amino acids that belong to glutamate family have shown 
to perform versatile functions (Oehme et al. 2010). Glu-
tamate is a precursor for gamma amino butyric acid 
(GABA), purine and pyrimidine nucleotides (Neu et al. 
1996, Tapiero et al. 2002, Li et al. 2009,). Glutamate is an 
important energy source in the intestine (Neu et al. 
1996). Glutamate affects the oxidation of nicotinamide 
adenine dinucleotide (NADH) in many cells (Minarik et al. 
2002). It has an anaplerotic function in Kreb’s cycle 
(Brosnan 2000). Glutamate plays a key role in ammonia 
detoxification in nervous tissues of salmon (Kolarevic et 
al. 2012). Increased feeding rate, growth and gut weight 
were observed in salmon fed a diet comprising glutamate 
and arginine (Oehme et al. 2010). However, there are few 
studies that investigated the effect of glutamate supple-
mented diet in salmon (Larsson et al. 2014). 
Studies based on dietary succinate on fish were not 
found, hence lesser is known about the effect of this ami-
no acid on fish. Dietary succinate has been known to 
function as a substrate for intestinal gluconeogenesis, a 
process known to improve glucose homeostasis (Vadder 
et al. 2016). This study concluded that succinate supple-
mentation in mice led to improved body weight.  
In this study, based on the functions of glutamate and 
succinate, mentioned above, a feeding trial was conduct-
ed using the amino acids as supplements for Atlantic 
salmon smolts. The main objective was to test the effects 
of glutamate and succinate on mitochondrial function in 
heart and liver. The experiment also tested if there is any 
effect of the diet on the growth of fish. The amino acids 
were added to a commercial diet (each amino acid at 1% 
of total diet). The content of glutamate was decided 
based on previous feed trials conducted on Atlantic salm-
on (Oehme et al. 2010, Larsson et al. 2014). 
2 | METHODOLOGY 
2.1 Diets and feeding  
All diets were provided as dry pellets produced by Biomar 
AS, a leading fish feed producing company in Norway. 
Two diet types, control diet (BioMar AS, Norway) and 
experimental diet (BioMar AS, Denmark) consisting of 
glutamate and succinate at 1% each were provided during 
this experiment. The smolts were provided by Lerøy AS, a 
leading salmon farming company in Norway and they 
were gradually adapted to seawater to avoid stress condi-
tions. The fish had a mean weight of approximately 90 g 
at the start of the feeding trial. A one-month acclimation 
period was followed by providing control diet for all the 
fish to ensure adaptation to the experimental conditions. 
Automatic feeders were used, and dissolved oxygen was 
maintained at 85–90%. Fish were kept in six fiberglass 
tanks (400-litre capacity each, square shaped with flat 
bottom and centre drain, three tanks for each diet type 
with 25 individuals per tank. All experiments were per-
formed at NTNU sea lab located in Trondheim, Norway. 
After one month of acclimation period the initial weights 
of fish were measured and feeding trial was started (20 
September 2017) by providing experimental diet for three 
tanks and control diet for the rest. Water temperature 
remained at 10 ± 1 °C throughout the trial. The entire 
feeding trial was done under indoor conditions, therefore 
artificial lighting was provided for all tanks (24 hours) us-
ing fluorescent lights. 
Specific growth rate (SGR) was calculated to determine 
the growth performance of fish in each tank. It provided 
percentage increase per day. The feeding was performed 
for 37 days. SGR was calculated based on the following 
formula (Lugert et al. 2016): 
S𝐺𝑅 = ୪୬൫௪೑൯ି୪୬ (௪೔)
௧
×100 
Where wf is the final weight of fish after feeding trial, wi is 
the initial weight of fish before feeding trial and t is the 
number of days of feeding trial. 
2.2 Sample collection and analysis 
After 37 days of feeding trial the fish were weighed to 
obtain a final weight (26 October 2017). One fish from 
each tank was anesthetized with tricaine methane sul-
fonate (MS-222, 200 mg/L, Agent Chemical Laboratories 
Inc., US) and subjected to dissection on ice to obtain 
heart and liver homogenates for mitochondrial respira-
tion analysis.  
Mitochondrial respiration was measured using high-
resolution respirometry method with oxygraph-2k (Oro-
boros Instruments, Innsbruck, Austria). Apex cordis por-
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tion of heart and liver were used for analysis. Wet 
weights of 10 ± 1 mg of heart and 40 ± 1 mg of liver were 
measured (Precisa® 180A, Dietikon, Switzerland) and used 
to prepare homogenate. 
The dissected tissue was placed into the PBI shredder 
tube (Pressure Biosciences Inc. Massachusetts, US). The 
shredder tube was placed in the pre-chilled shredder base 
and shredder was operated for 30 seconds at position 1 
(weakest) followed by 10 seconds at position 2 (stronger) 
for heart tissue and 40 seconds at position 1 followed by 
20 seconds at position 2 for liver tissue. 
After homogenization, the homogenate was transferred 
to 50 ml Falcon tube with 500 µl of mitochondrial respira-
tory medium (MiR05: 0.5 mM EGTA, 3 mM MgCl2 6H2O, 
60 mM lactobionic acid, 20 mM taurine, 10 mM KH2PO4, 
20 mM HEPES, 110 mM D-Sucrose, 1 g/L Bovine Serum 
Albumine (BSA) essentially fatty acid free, pH 7.1 at 20 
°C).  Preparation of the respiratory medium was done 
based on Oroboros Instruments Inc (Fasching et al. 2016). 
Respiratory medium was used to wash the residual ho-
mogenates left in the shredder tube and a total of 3.5 ml 
of respiratory medium (consisting homogenate) was col-
lected in the falcon tube. This volume was used for one 
O2k chamber among the two chambers in the oxygraph. 
The O2k oxygraphs were calibrated (Fasching and Gnaiger 
2016) prior to the start of experiments. 
Tissue homogenates were transferred into calibrated Ox-
ygraph-2k (O2k, OROBOROS INSTRUMENTS, Innsbruck, 
Austria) chambers of 2 ml capacity. Oxygen polarography 
was performed at 15°C. Oxygen concentration (µM) as 
well as oxygen flux per tissue mass (pmol O2 s
–1mg–1) 
were recorded real-time using the DatLab software (OR-
OBOROS INSTRUMENTS, Innsbruck, Austria). 
A modified version of substrate-uncoupler-inhibitor titra-
tion (SUIT) protocol (Kuznetsov et al. 2008; Gnaiger 2009) 
was used to test mitochondrial function in heart and liver 
homogenates. The non-phosphorylating LEAK respiration 
was induced by addition of malate, a complex I (CI) linked 
substrate (0.5 mM, 25 µl). Subsequently, addition of a 
saturating concentration of (Adenosine diphosphate) ADP 
(2.5 mM, 25 µl) provided enough energy for respiration. 
Oxidative phosphorylation (OXPHOS) capacity of CI activi-
ty was measured after addition of ADP. Titration of cyto-
chrome C (10 µM, 5 µl) was done to assess the intactness 
of outer mitochondrial membrane. Afterwards, addition 
of glutamate (10 mM, 50 µl), a substrate provider for CI 
was done. The OXPHOS capacity of CI and CII linked sub-
strates was measured by addition of succinate (10 mM, 
20 µl). A step-wise titration of carbonyl cyanide p-
trifluoro-methoxyphenyl hydrazine (FCCP) was performed 
(0.5 µM, 3µl) which leads to proton leakage through inner 
membrane of mitochondria. This was used for measure-
ment of Electron Transfer System (ETS) capacity, a 
noncoupled state with optimum concentration of uncou-
pler. Subsequent addition of rotenone (0.5 µM, 10 µl), a 
CI inhibitor provided measurement of CII linked ETS ca-
pacity. For the control of other oxygen consuming pro-
cesses malonate (5 mM, 5 µl) and antimycin A (2.5 µM, 10 
µl) were used to inhibit CII and CIII. The resultant residual 
oxygen consumption (ROX) reflects oxygen consumption 
from undefined sources. Only homogenates that man-
aged to maintain enough oxygen concentration (>150 µM 
O2) in the O2k chambers were considered for analysis. 
Ten samples were chosen from each tissue type to ana-
lyse mitochondrial respiration. 
2.3 Protein content analysis 
The Lowry assay method was used for quantification of 
protein content in homogenate samples. The assay was 
performed based on the manual (Walker 2002). 100 µl of 
standards and samples were used with absorbance read-
ing at 550 nm in a UV-visible spectrophotometer (Varian 
Cary 50 Bio UV-Visible spectrophotometer, Agilent Tech-
nologies, US). Measurements were performed in tripli-
cates. 
2.4 Citrate synthase (CS) enzyme activity analysis  
CS enzyme activity was analysed by following the protocol 
of Oroboros (Eigentler et al. 2015). Whole tissue samples 
of heart and liver were collected (n = 10 from each diet 
type) and stored at –80°C in plastic cryogenic tubes (Sig-
ma-Aldrich, US). Afterwards, the tissue samples were 
weighed (Precisa® 180A, Dietikon, Switzerland) and im-
mediately transferred into glass test tubes (Fisher Scien-
tific, US) placed on ice. A volume of 3.5 ml respiration 
medium was added into the tubes followed by homogeni-
zation (Ultra Turrax T10 basic homogenizer, IKA, Germa-
ny) for 30 seconds at level 4. A portion (2ml) of homoge-
nized samples were transferred into microcentrifuge 
tubes (Fisherbrand™, Fisher Scientific, US) kept on ice. 
The samples were centrifuged (Biofuge Pico, Heraeus 
Company, Germany) at 13,000 rpm for 5 minutes. The 
supernatant was used to determine CS activity. The 
commercial citrate synthase was used as a standard to 
check the chemicals and assay conditions. The reaction 
components were added in the order as mentioned in the 
protocol (Table 1) into a 1 ml plastic cuvette (VWR Inter-
national, US). The volume of sample to be added into the 
plastic cuvette was decided based on Table 2. 
Oxaloacetate was added immediately before the meas-
urement of enzyme activity and the cuvette was sealed 
with parafilm (Sigma-Aldrich), swiveled gently three 
times. The parafilm was then removed and the cuvette 
was placed in a UV Visible spectrophotometer (Varian 
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Cary 50 Bio UV-Visible spectrophotometer, Agilent Tech-
nologies, US). The absorbance values were measured at 
412 nm wavelength. CS activity was calculated using the 







v, specific activity of the enzyme measured in µmol min–1 
mg–1; rA, dA/dt rate of absorbance change (min–1); l, opti-
cal path length (= 1 cm); ℇB, extinction coefficient of B 
(TNB) at 412 nm and pH 8.1 = 13.6 mM–1 cm–1; VB, stoi-
chiometric number of B (TNB) in the reaction (= 1); Vcuvette, 
volume of solution in the cuvette (= 1000 µl); Vsample, vol-
ume of sample added to a cuvette (5 – 100 µl); ρ, mass 
concentration or density of biological material in the 
sample, Vsample (protein concentration: mg cm
–3) 
TABLE 1 Components and their volumes added in 1ml cu-
vette for CS activity measurement. 
Component  Volume added (µl) Final concentration 
10% Triton X-100 25 ~0.25 % 
Acetyl CoA 25 ~0.31 mM 
1.01 mM DTNB 100 ~0.1 mM 
Vsample See Table 2 ~5mg/ml 
Distilled H2O (800 µl - Vsample) - 
Oxaloacetate 50 ~0.5 mM 
 
TABLE 2 Volumes of components added into 1 ml cuvette. 
Sample  Vsample (µl) 
CS standard 5 
Medium (MiR05) 10 
Heart homogenate 5 
Liver homogenate 10 
 
2.5 Statistical analysis 
Independent sample t-test was used to compare growth 
differences between the two diet groups (control vs. ex-
perimental). Ten samples (n = 10) were selected from 
each diet group to perform the independent samples t-
test. A p-value of < 0.05 was considered statistically signif-
icant. Flux response between the diet groups and tissue 
types were also analysed using t-test. Two-way ANOVA 
was used to test the interaction between tissue type and 
diet type on flux response. Normality of data was tested 
with Shapiro-Wilk test. Simple log transformation was 
used to transform non-normal data into normal distribu-
tion. The non-parametric test of Mann-Whitney was used 
in circumstances where normality of data was not possi-
ble to achieve to employ parametric test methods. 
3 | RESULTS AND DISCUSSION 
3.1 Fish growth analysis 
Weight based comparison between the two diet groups 
showed no statistically significant difference (P > 0.05). 
The number of individuals weighed was 180 in total (90 
from each diet group). The mean weight of control diet 
group showed a slightly higher value (191.1 ± 3.1 g) than 
experimental diet group (187.0 ± 2.8 g) having no signifi-
cant difference. Tank based SGR analysis also showed no 
significant differences between the diet groups (Figure 1). 
 
FIGURE 1 Mean specific growth rate percentage values 
based on each tank. Error bars represent standard errors. 
(Exp stands for experimental tanks) 
3.2 High resolution respirometry  
3.2.1 Mitochondrial respiration capacity in heart and 
liver  
There was no significant difference in flux values of sub-
strates/inhibitors between the two diet groups except for 
malate in heart mitochondria (Table 3). The flux values of 
malate showed a statistically significant difference (P = 
0.005). No significant difference was observed in liver 
mitochondria (Table 4). 
TABLE 3 The flux of added substrates and inhibitors in heart 
mitochondria of Atlantic salmon (Mean ± SEM). The flux val-
ues are the tissue response to substrates/inhibitors meas-
ured in pmol s–1 ml–1) (n = 10).  
Substrate/inhibitor Control diet Experimental diet P-value 
Malate  1.47±0.08 1.01±0.11 0.005 
ADP 6.46±0.7 6.24±0.9 0.855 
Cytochrome C 7.20±0.8 6.83±0.9 0.762 
Glutamate  12.98±1.8 12.41±1.5 0.813 
Succinate  13.30±1.9 12.90±1.6 0.872 
FCCP 9.63±1.2 9.55±1.6 0.969 
Rotenone  1.78±0.2 2.42±0.8 0.451 
Malonate  0.54±0.2 0.38±0.1 0.454 
ROX  1.08±0.3 0.53±0.09 0.212 
ADP, Adenosine diphosphate;  
ROX, Residual oxygen consumption 
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TABLE 4 Mean value ± Standard Error Mean of the flux of 
added substrates and inhibitors in liver mitochondria of At-
lantic salmon. The flux values are the tissue response to sub-
strates/inhibitors measured in pmol s–1 ml–1). 
Substrate/inhibitor Control diet Experimental diet P-value 
Malate  1.25±0.1 1.02±0.2 0.299 
ADP 1.95±0.1 1.83±0.4 0.224 
Cytochrome C 2.04±0.2 1.97±0.5 0.407 
Glutamate  3.18±0.3 3.36±0.8 0.663 
Succinate  4.80±0.4 5.26±1.3 0.740 
FCCP 4.33±0.3 4.01±0.9 0.305 
Rotenone  1.64±0.1 1.76±0.4 0.798 
Malonate  0.29±0.01 0.39±0.07 0.545 
ROX  1.27±0.02 0.40±0.07 0.149 
ADP, Adenosine diphosphate;  
ROX, Residual oxygen consumption 
3.2.2 Mitochondrial respiratory states with respect to 
tissue mass of heart and liver homogenates 
Analysis of high resolution respirometry data revealed a 
significant difference in the LEAK respiration state (P < 
0.05) between the control and experimental diet groups 
(1.466 ± 0.267 pmol s–1mg–1 and 1.008 ± 0.373 pmol s–1 
mg–1 respectively) for heart homogenates (Table 5). How-
ever, maximum OXPHOS and ETS states did not show a 
significant difference in diet groups.  
TABLE 5 Mean O2 flux ± standard deviation at respiratory 
states LEAK, Max OXPHOS and ETS for heart samples (n = 10) 
displayed in units pmol s–1mg–1. 
Respiratory 
states Control diet 
Experimental 
diet P-value 
LEAK state 1.466 ± 0.267 1.008 ± 0.373 0.005 
OXPHOS state 13.299 ± 5.971 12.898 ± 4.923 0.872 
ETS state 9.631 ± 3.843 9.553 ± 4.949 0.969 
 
Analysis of liver homogenates showed no significant dif-
ferences between the diet groups for all three respiratory 
states (Table 6). Stable flux response was observed after 
addition of cytochrome C in heart and liver homogenates 
therefore, confirming that the outer mitochondrial mem-
brane was intact in the samples. 
Maximum OXPHOS was achieved after succinate (CI + CII) 
titration and proved no significant difference in respira-
tion. No significant difference was also observed in ETS 
respiration (after addition of FCCP) between the diet 
groups. Similar results were observed in liver mitochon-
drial respiration with no significant differences (P > 0.05) 
in liver homogenates. Similar to heart homogenates, the 
maximum OXPHOS was observed after addition of succin-
ate. A slightly higher OXPHOS was observed in experi-
mental diet group than control group after addition of 
succinate although not significant. Comparison of heart 
mitochondrial respiration with liver respiration shows 
higher activity (higher oxygen flux values) of mitochondria 
present in heart homogenates.  
TABLE 6 Mean O2 flux (± SD) at respiratory states LEAK, Max 





Control diet Experimental 
diet 
p-value 
LEAK state 1.253±0.394 1.023±0.555 0.299 
OXPHOS state 4.801±1.344 5.263±3.958 0.731 
ETS state 4.337±1.102 4.012±2.905 0.745 
 
As shown on Table 7, a two-way ANOVA test showed that 
statistically significant differences exist between heart 
and liver responses for substrates and inhibitors. Flux 
responses from malate, rotenone, malonate and ROX 
showed no significant differences between tissue types.  
TABLE 7: Tissue based comparison (heart vs liver) of flux 
response values and interaction between tissue type and 
diet type 
Heart vs. liver Tissue type (heart vs. liver) ×  diet type (control vs. experimental)  
Substrate  P F P df 
Malate 0.482 0.772 0.385 1 
ADP <0.05 0.046 0.831 1 
Cytochrome C <0.05 0.054 0.818 1 
Glutamate  <0.05 0.089 0.767 1 
Succinate  <0.05 0.006 0.941 1 
FCCP <0.05 0.013 0.912 1 
Rotenone 0.626 0.320 0.575 1 
Malonate  0.903 0.366 0.549 1 
ROX <0.05 0.626 0.434 1 
ADP, Adenosine diphosphate;  
ROX, Residual oxygen consumption 
3.3 Citrate synthase enzyme activity  
Statistical analysis of CS activity in tissue slices of heart 
samples showed no significant difference between the 
diet groups based on the significance level of 5% (Figure 
2). Citrate synthase enzyme activity showed relatively 
lower enzyme activity in liver samples (Figure 3) than 
heart samples. However, no statistically significant differ-
ence was found between the diet groups. 
4 | DISCUSSION  
The present feeding experiment incorporated glutamate 
and succinate supplemented diets due to the promising 
results reported by a previous study (Oehme et al. 2010) 
on Atlantic salmon growth. Analysis from growth results 
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in this experiment showed that the overall comparison of 
fish weight between the diet groups did not show any 
significant difference. Individual tank-based analysis of 
SGR did not show any statistically significant difference. 
Tank F fed with experimental diet showed the highest 
SGR percentage among all tanks. However, only slight 
differences in SGR were found among tanks regardless of 
the diet provided. Tank A fed with experimental diet 
showed the lowest growth response. Though the reason 
behind this is unclear, there may be an effect between 
the tank placement and growth response. 
 
FIGURE 2 Mean values of CS activity in heart. The error bars 
represent standard error mean 
 
FIGURE 3 Mean values of citrate synthase activity in liver 
tissues. The error bars represent standard error mean. 
The flux response from succinate titration showed the 
maximum OXPHOS in HRR results, thus it was considered 
for OXPHOS calculations. It was evident that HRR analysis 
showed lower FCCP response in heart than in liver ho-
mogenates. There can be many reasons behind this ob-
servation. Lower FCCP response was also observed from 
another study (Hasli 2015) conducted on Atlantic salmon. 
Furthermore, it was observed that the flux response of 
FCCP did not become stable even after several repeated 
titrations. Related results were found in another study 
(Hasli 2015). Another reason for the lack of response from 
FCCP could be the poor perfusion of the tissue than ex-
pected. This may have led to reduced respiration from 
lowered partial pressure. 
Results from CS activity showed lower enzyme activity in 
heart and liver. The reason behind this might be the lower 
oxidative capacity of mitochondria. Although the tissue 
samples were stored at –80°C instead of liquid nitrogen, it 
was found that CS activity can be preserved at subzero 
temperatures for longer periods of time (Shepherd and 
Garland 1969) therefore, the effect of storage method 
used for the tissues in sustaining the enzyme activity was 
ruled out. Larger amounts of tissues for CS activity can 
lead to lack of reaction itself. It was revealed that the 
DTNB used in the protocol turns yellow after the reaction, 
yet an increase in absorbance will continue to occur. 
However, this increase in absorbance is related to post 
reaction changes thus, not relevant for CS activity meas-
urement. It is important to measure the linear absorb-
ance increase at the start of the reaction. Moreover, it is 
necessary to minimize the time (<10 seconds) between 
the addition of oxaloacetate in the cuvette and meas-
urement in the spectrophotometer. The use of plastic 
cuvettes for CS activity measurement was decided due to 
the wavelength of 412 nm (Brandt 2010). It was reported 
that the amount of this enzyme is correlated with the 
ability of the cell to use oxygen (Moriyama and Srere 
1971). The CS activity results showed higher enzyme ac-
tivity in heart tissues in comparison with liver, thus prov-
ing higher mitochondrial density present in the heart. 
Obtaining liver samples for homogenate preparation con-
sistently from the same portion is necessary to achieve 
reliable results. Homogenate preparation from varying 
portions of the liver may lead to variable mitochondrial 
activity. Improper shredding of samples may contain tis-
sue particles present in the homogenate that may cause 
some disturbance in results. The initial dissolved oxygen 
concentration present in the sample at the beginning of a 
SUIT titration can affect the execution of the protocol in 
the sample. Rapid oxygen depletions were observed in 
some samples that led to oxygen deficiency to continue 
the SUIT titration. Such samples had to be discarded and 
new samples were prepared. However, the oxygen con-
centration never fell below 150 μmol L–1 during a proper 
SUIT titration procedure, therefore, should not lead to 
limited respiration. 
5 | CONCLUSIONS 
This study showed no significant difference in growth of 
salmon smolts fed glutamate and succinate enhanced 
diets at 1 % each. Higher mitochondrial respiration was 
found in heart homogenates than liver homogenates. 
Maximum OXPHOS was recorded after succinate addition.  
Future studies could be conducted using different tem-
perature regimes to determine the effect on mitochon-
drial respiration and growth. Longer feeding periods 
along with studies focused on gut mitochondrial activity 
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will facilitate in getting a better understanding of metabo-
lism in Atlantic salmon. Few studies have been conducted 
on salmonids’ mitochondrial activity and therefore, there 
is a need for further understanding of the complex pro-
cesses that take place in cells. 
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